With the use of general transition state theory and density functional theory, six reference reactions that are thought to play an essential role in the thermal cracking process of 9-methylphenanthrene have been studied. At the uB3LYP/6-31G(d,p) level, the transition state structures could be located on the 0 K potential energy surface for the three propagation reactions which induce no net creation/annihilation of radicals, and the calculated activation energies and preexponential frequency factor generally correspond well to experimental values. The transition states for two termination reactions were determined by replacement of a phenanthrenic by a phenylic aromatic moiety; it followed that such model reactions represent well systems with larger aromatic units. Only for the initiation reaction the transition state could not be located; in this case the activation energy was approximated by the change in overall enthalpy.
Introduction
Information on the kinetics and thermodynamics of thermal cracking reactions is of great importance for understanding the origin and thermal evolution of oils and natural gases. It is now believed that the thermal evolution of oils is largely controlled by the kinetics of cracking reactions, which occur over geological times (i.e., million years) at temperatures seldom higher than 100°C. 1 Experimentalists use this hypothesis to simulate the same natural processes, but at much higher temperatures, so most of these cracking reactions proceed sufficiently rapidly to be monitored on an acceptable time scale. Although this approach might be acceptable to elaborate mathematical models that describe oil-cracking processes, it contains some serious shortcomings. Even at high temperatures, the monitoring time can take up to several months. Additionally, the extrapolation from laboratory reactions to geological conditions is not always satisfactory. For example, stoichiometric and kinetic parameters, such as activation energy, frequency factor, and reaction order, can vary significantly upon changing the temperature. Consequently, in cases where the difference in temperature between model and natural circumstances is relatively large, the uncertainty factor in these parameters increases correspondingly. Especially in these cases computational chemistry provides some attractive alternatives to acquire the desired thermodynamic data. Today, quantum mechanical methods, such as those based on density functional theory, offer often amazingly accurate determination of thermodynamic parameters, within a reasonable amount of computer time. 2 This was recently shown for instance, by the calculation of bond dissociation energies of mediumsized aromatic hydrocarbons. 3 Computational approaches offer the possibility to "access" transition state (TS) structures from which, within the approach of transition state theory (TST), 4 valuable information on the kinetics of the reactions can be derived. TST assumes an equilibrium energy distribution among all possible quantum states at all points along the reaction coordinate, i.e., the lowest energy reaction path from reactants to products via the TS where the energy has its maximum. The probability of finding a molecule in a given quantum state is proportional to the Boltzmann distribution: exp(-∆E/k B T). If we assume that the molecules at the TS are in equilibrium with the reactant, the macroscopic rate constant (k) can be expressed thermodynamically by an equilibrium constant defined as follows: 5 In eq I, κ is the transmission coefficient (set to 1 in this study), k B is Boltzmann's constant, h is Planck's constant, T is the absolute temperature, R ) 8.314 51 J‚mol‚K -1 , and ∆G q is the gas-phase Gibbs free energy of activation at the reference pressure p 0 . In the case of reactions involving two reactants, a reference concentration term remains in eq I, which can be expressed using the ideal gas relationship at a given reference state (m is the number of reactants). For the rate constant k to have dimensions of moles per liter per second, we have assumed a reference pressure of 1 bar with the corresponding perfect gas constant R′ ) 0.083 15 L‚bar‚mol -1 ‚K -1 .
However, TS structures are often not so easy to locate because there is no general algorithm that successfully leads to a TS on the multidimensional potential energy surface. 6 In fact, a pronounced energy barrier, which corresponds to the TS structure upon going from the reactant to the product, is usually not observed for homolytic dissociation reactions. It is said that in those cases the TS is loose, a case that makes the TS search even more complicated. Yet, we have recently shown that TS structures can be "localized" with the use of canonical or generalized transition-state theory even though these TS structures are rather "loose". 7 Instead of locating the TS on the selfconsistent field (SCF) energy surface, it is now located on the Gibbs free energy surface, as shown in Figure 1 , which is equivalent to using variational TST 8 
TST. Inclusion of the entropy and thermal enthalpy corrections to the SCF energy might not just change the exo-/endoergicity of the reaction but also change the curvature where the TS might be found. We found that application of this approach to the dissociation of ethane into its methyl radicals yielded excellent results in comparison with other theoretical studies and experimental data. 7 In this paper we present an analogous quantum mechanical study, performed at the uB3LYP/6-31G(d,p) level, on a selected number of elementary reactions (displayed in Scheme 1), which play an important role in the cascade of reaction involved in the cracking of 9-methylphenanthrene (9-MPh). The first reaction (reaction 1) is a bimolecular initiation reaction, a reverse radical disproportionation reaction, forming the 9-methylphenanthryl radical and a 9-methylhydrophenanthryl radical. Furthermore, three propagation reactions have been investigated: first, the dissociation of a methyl radical from 9-methylphenanthryl radical (reaction 2); second, the attack of a methyl radical on 9-methylphenanthrene (reaction 3); third, the dissociation of a hydrogen radical from 1,9-dimethylphenanthryl radical, formed during the second propagation, to yield 1,9-dimethylphenanthrene (reaction 4). Two termination or recombination reactions have been studied: the recombination of two 9-methylenephenanthrene radicals (reaction 5) and the recombination of a methyl radical with 9-methylenephenanthrene radical (reaction 6). Note that radical hydrogen transfer and abstraction mechanisms were not included in this study, because these reactions are usually very fast compared to other elementary reactions. Therefore, they do not constitute limiting steps in the thermal decomposition scheme of 9-MPh. It should also be added that Scheme 1 is far from complete in describing all reactions that play a role in the cracking of 9-MPh. However, the reactions that are presented are thought to play a significant role and are therefore described quantum mechanically. Our final objective is to build up a much more complete cracking scheme in which a combination of quantum mechanical and empirical calculations will be presented.
9-Methylphenanthrene has been chosen because it represents well the alkylaromatic compounds, which are important intermediates in the oil formation from kerogen. The objective of this work is to locate the TS structures for each of the six reference reactions. Their corresponding activation energies will be used in a later study in which we apply a more empirical model to calculate all reactions thought to play a role in the complete cracking scheme of 9-MPh. As in ref 7, we will increase the length of the bond that is to be cracked in a stepwise manner. At each step, the structure is optimized, keeping only the length of the bond under investigation constant. In those cases where the energy profile already shows a maximum upon homolytic bond breaking at 0 K, a complete (i.e., without constraints) optimization of the transition state structure is performed.
Theoretical Methods
The majority of the geometry optimization calculations were performed with the Jaguar suite of programs, 9 at the unrestricted B3LYP/6-31G(d,p) level and making use of the pseudospectral method. Only in those cases where the reference reaction was replaced by a model system (vide infra) was the Gaussian 98 (G98) package of programs 10 used for the geometry optimization. It appeared to be very important to check the energy of the wave function, especially for the "small" model compounds. It was found that the total energy did not always converge to the bond dissociation energy upon stepwise increase of the bond to be homolytically broken. Independent of how the converged wave function was obtained, either by a default guess or by superposition of another wave function coming from a slightly different optimized geometry, it appeared crucial to check the wave function stability. With use of the G98 stable)opt keyword, the stability was checked after the first SCF cycle. However, it was noticed that, especially at larger (>2.5 Å) bondbreaking distances, the stable wave function could become significantly spin contaminated with values of S 2 up to 1.04.
Next, the geometry was optimized with its stable wave function, and finally, after completion of the geometry optimiza- tion, the wave function was again subjected to a stability analysis. With this approach the total energy converged nicely to the dissociation energy upon increasing the bond length of the bond to be cracked. 11 Yet, for the recombination reactions (5 and 6) it was important to treat the two reactants in two different systems when the distance between them was larger than 3.5 Å.
All structures were optimized, either without any constraints (reactants, products, and transition state structures that could be directly located on the SCF potential energy surface), or upon freezing the bond length corresponding to the reaction coordinate, which was increased in a stepwise manner to represent the dissociation process. All final optimized geometries were subjected to a frequency analysis performed at the same level of theory as the geometry optimization. For the evaluation of the vibrational modes the standard methods in the G98 program have been applied without any additional procedures. Furthermore, there has been no scaling factor used for the frequencies, which are in their turn used to calculate the thermodynamic properties G, H, and S. In addition, no corrections to the anharmonicities have been applied for the vibrational energies.
CASSCF calculations were realized at the 6-31G(d,p) level with four electrons in the active space consisting of in total four orbitals.
Results and Discussion

Initiation Reaction.
The thermal cracking of 9-MPhe is thought be started as a bimolecular reaction in which a hydrogen radical is transferred from one 9-MPhe to another: 12, 23 This process, a reverse radical dismutation (RRD), was first evidenced on the anthracenic system. 13 It has been suspected that such an RRD reaction has no energy barrier; however, the energetic of the mechanism has never been explored precisely. 14 Hence, to address this reaction computationally, we started to increase the r 1 (C-H) distance in a stepwise manner. Figure 2 shows a part of the potential energy surface (0 K and no zero point energy (ZPE) corrections) as function of the distance r 1 -(C-H). From this figure it follows that the system's energy is dropping rapidly: from r 1 (C-H) ) 1.05 Å to r 1 (C-H) ) 5.0 Å the system gained almost 70 kcal/mol, in a continuous way, i.e., without any indication of a barrier.
In the same figure it can be seen that a second important carbon-hydrogen bond [r 2 (C-H)] quickly relaxes to its equilibrium distance, r 2 (C-H) eq ) 1.099 Å. For example, at r 1 (C-H) eq ) 1.750 Å, the r 2 distance has decreased to 1.220 Å.
The ∆SCF curve does not indicate the presence of a transition state structure for this reaction. Although the calculation of the quantum mechanical Hessian matrix is rather weighty for such systems, we have tried to calculate the Gibbs free energy contributions for a few geometries. However, due to the presence of several imaginary frequencies, which proves that we did not locate the TS, the evaluation of the thermodynamic properties contains significant errors.
Alternatively, we investigated the same reaction in a nonconcerted way, i.e., the homolytic dissociation of a hydrogen radical from the methyl group, which subsequently attacks the aromatic ring of another 9-MPh. Since we do not expect a significant influence of the aromatic moiety on the bond dissociation energy of a hydrogen radical from the methyl group, 15 the first step of the reaction was modeled by the dissociation of a hydrogen radical from the methyl group of toluene; see Figure 3 . This figure nicely shows the entropic effects with increasing temperature on the change in the Gibbs free energy (∆G). It can be seen that upon increasing the distance r(C-H) the system becomes less stable as compared to the structure of toluene with r(C-H) eq , which is taken as a reference. At low temperatures (0 K) this curve does not show any maximum. However, upon increase of the temperature it can be seen that, e.g., at 1500 K, a maximum starts to appear around 2.5 Å. Further increase of the temperature pronounces more the maximum of the potential energy, which additionally slightly shifts toward r(C-H) eq . We have calculated a bond dissociation enthalpy (BDE) of ∆H(300 K) ) 86.8 kcal/mol, which approaches the literature value of 89.7 kcal/mol.
To overcome the problems of spin contamination with the uB3LYP method (see Theoretical Methods) and small imaginary The energy of the structure in which r(C-H)eq is the equilibrium distance has been taken as a reference.
frequencies that were calculated with increasing r(C-H) distance in the dissociation reaction of the hydrogen radical from the methyl group of toluene, the calculation was also performed with the multireference CASSCF method; 16 see Figure 4 . With this method wave functions are obtained that do not suffer from spin contamination. Furthermore, even at distances r(C-H) > 3.5 Å, there is only one imaginary frequency, corresponding to the reaction coordinate, which nicely goes to zero upon further increase of the r(C-H) distances. However, the calculated BDE does not approximate as well as the B3LYP functional the experimental BDE value: ∆H(300 K) ) 97.0 (CASSCF), 86.9 (B3LYP), and 89.7 kcal/mol (experimentally). 17 This larger difference might be caused by the too small 6-31G(d,p) basis set. Indeed, more electrons and orbitals in the active space would give a better description. Yet, such CASSCF calculations would already become very intense for the toluene system and prohibitive for the larger molecular systems such as 9-MPh. Consequently, we continued to use the initial B3LYP/6-31G-(d,p) approach. It was calculated that the bond dissociation energy for the formation of a hydrogen radical is on the order of 10 kcal/mol higher, as compared to the change in the Gibbs free energy for the concerted reaction in which the phenanthrene part was replaced by a phenyl ring. This suggests that of the two compared initiation reactions the concerted reaction would be the preferred one (at low temperatures). Likewise, the concerted reaction will probably be also the preferred reaction for the phenanthrene system (reaction 1).
Since we could not locate a transition state for reaction 1, we have calculated ∆H(300 K) ) 58.3 kcal/mol, following therefore the conclusions of previous authors, 18 and we assume that the activation energy E is close to this value.
3.2. Propagation Reactions. The first propagation reaction (2) creates a methyl radical. Figure 5 shows the Gibbs free energy as function of the distance r(C-C) at different temperatures. In contrast to reaction 1, it can be seen that already at 0 K (without inclusion of zero-point energies), the energy profile shows a maximum (at 2.292 Å). This transition state structure is 24.2 kcal/mol less stable than the reference structure with r(C-C) eq . Increase of the temperature up to 1500 K shows that the reaction becomes relatively more exothermic. The dissociation of the methyl radical is an endoergic reaction at low temperatures (T < 500 K), but becomes exoergic at 1000 K and above. This is of course a result of entropy, which has larger contributions as the methyl group dissociates.
The energy maximum (the TS structure) shifts from 2.29 to 2.2 Å and this structure becomes relatively more stable: 21.5 kcal/mol with respect to the energy of the TS at 0 K, as shown in Table 1 .
It can be argued that by applying exclusively the harmonic oscillator model, which is used by default in G98 to evaluate the vibrational modes, serious errors are introduced especially for those structures that resemble the TS structure. As the methyl radical is dissociating from the aromatic phenanthrene moiety, a partition function that corrects for the hindered rotation should be used, and finally the partition function for a free rotor. To do so, we have applied the interpolating function suggested by Truhlar. 19 We first analyzed the (harmonic) vibrational modes for all the calculated structures of reaction 2. Figure 6 shows the six vibrational modes with wavenumbers that go to 0 cm -1 upon increase of the r(C-C) bond; e.g., the curve with the dotted line and solid squares corresponds to the reaction coordinate. The other modes displayed with dotted lines become the other two transitional modes of the outgoing methyl group. The three modes with the solid lines belong to the three rotational modes of the dissociating methyl group. With the interpolating function of Truhlar we have calculated corrections for the hindered rotation (ω) around the z-axis on the order of 1.5-2.0 kcal/mol for the structures in the region where the TS structure is located. These corrections are relatively small with respect to the overall error made at this level of theory [uB3LYP/ 6-31G(d,p)], which is estimated to be around 5-6 kcal/mol. 3 Therefore, we will neglect in our other calculations the error due to the hindered rotation and free rotor.
Reaction 3 is very similar to reaction 2 in that there is also a methyl radical involved: Figure 7 shows that the attack of this methyl radical on the 1-position is an exoergic reaction, which becomes only slightly endoergic at very high temperatures (1500 K): 1.1 kcal/mol. 20 As for reaction 2 upon increase of the temperature (0 f 1500 K), the maxima of the curves shift to slightly smaller r(C-C) distances, whereas the height of the barrier is slightly less affected (Table 2) : δ∆G ) 1.9 kcal/mol compared to 2.7 kcal/ mol for reaction 2.
The third propagation reaction that was investigated is the formation of a hydrogen radical out of the 1,9-dimethylphenanthrene radical, "created" by reaction 3:
As there is only a hydrogen radical that dissociates, the entropic contributions are thought to be relatively small, and it is seen in Figure 8 that for this reaction the energy profile is almost entirely determined by the enthalpic term. 20 Consequently, the maxima of the energy profile hardly change neither in height nor in position, 1.9 kcal/mol and 0.093 Å, respectively (Table 3) . a Numbers in italics represent the maximum values for the curves in Figure 5 . 
TABLE 1: Relative Stabilities (Changes in Gibbs Free Energies, ∆G (kcal/mol)) with Respect to the Distance r(C-C) eq and Contribution from the Hindered Methyl Rotation (ω) for Structures Close to the TS Structures at Different Temperatures for Reaction 2 r(C-C) (Å)
Termination Reactions.
Two termination reactions have been investigated: the recombination of two 9-methylphenanthrene radicals, and the recombination of a methyl radical with a 9-methylphenanthrene radical. We will first discuss the former recombination reaction:
Note that these geometry optimizations were performed in C i symmetry. Figure 9 shows the profile of the SCF energy upon decrease of the C-C bond. It can be seen that the homolytic bond dissociation costs about 57 kcal/mol. The E scf curve (0 K without ZPE corrections) does not show any barrier for the creation of the two radicals (reaction 5 in the opposite direction). As expected, this dissociation reaction is again largely determined by enthalpic contributions. Since inclusion of the Gibbs free energy corrections on these systems (560 basis functions with the 6-31G(d,p) basis set) is computationally very demanding, we have chosen to replace the phenanthrene moiety by the much smaller phenyl one as we did for the initialization reaction. We are aware that the size of the aromatic part will influence the bond strength of the C-C bond. Analysis of the "full" reaction would enormously increase the total computational time (with respect to the phenyl system), making the computational approach a less attractive alternative with respect to a traditional laboratory experiment.
Upon replacement of the aromatic phenanthrene system by a phenyl one, the reaction simplifies to the recombination of two benzyl radicals to give 1,2-diphenylethane:
In Figure 10 the changes in the Gibbs free energy at different temperatures are displayed, and it can be seen that at low temperatures (T < 1000 K) the ∆G curves do not show any barrier. The barrier starts to appear at 1000 K and becomes very pronounced at 3000 K. Consequently, it is necessary to go to very high temperatures to show an activation barrier for the creation of two radicals. a Numbers in italics represent the maximum values for the curves in Figure 7 . a Numbers in italics represent the maximum values for the curves in Figure 8 . The second termination reaction was simplified as well and was modeled by the recombination reaction of a methyl and benzyl radical:
The corresponding changes in Gibbs free energy curves are shown in Figure 11 . 21
Rate Constant (k), Activation Energy (E), and Prefactor (A).
The rate constant can be calculated with the use of eq I. Upon plotting ln(k/T) vs 1/T, the activation enthalpy and entropy can be calculated from the slope (∆H q /RT) and intercept (ln(k B /T + ∆S q /R)). To compare the activation energy and prefactor from quantum mechanical calculations that use fixed temperature and pressure with the experimental ones (expressed in concentrations), eqs II and III were applied:
In these equations ∆n is the change in moles (∆n ) 0 for unimolecular reactions and ∆n ) -1 for association or recombination reactions, R′ ) 0.082 057 8 dm 3 ‚atm‚K -1 ‚mol -1 ). 22 Dissociation reactions are considered to be unimolecular, since there is no change in moles going from reactant to activated species, whereas the reversed dismutation, addition, and recombination reactions are taken as bimolecular reactions.
In general, plotting ln(k/T) vs 1/T yields a very good correlation as can be seen for example in Figure 12 for the dissociation of a methyl radical, reaction 2.
The correlation for the two recombination reactions 5a and 6a is somewhat less linear as can be seen from the correlation factor R. Moreover, these reactions also show a positive slope as can be seen in Figure 13 . Such positive slopes might indicate that the rate of recombination of radicals to form closed-shell species is higher for fragments with low internal energy; as the temperature increases this population reduces, and consequently the effective rate of recombination decreases. Table 4 and Figure 14 summarize the calculated activation energies (E) and preexponential frequency factors (A) for the investigated reactions (1-6). The results are compared with their analogous reactions of 1-methylpyrene 23 (reactions 1-4) and reactions 5 and 6 with the same reaction.
The approximated activation energy for reaction 1 differs significantly from the value reported by Smith and Savage. 23 In their publication they have taken the activation energy for this reaction equal to the heat of reaction, since they assume that the reverse reaction, i.e., the radical disproportionation reaction, is almost zero. Hence, they calculated for the reverse radical disproportionation reaction ∆H ) 45.8 kcal/mol [the sum of the reaction methylpyrene f methylpyrenyl radical + H • (∆H ) 82.9) 24 and the reaction pyrene + H • f 1-hydropyrenyl radical (∆H ) -37 kcal/mol) 25 ]. From calculations at the same uB3LYP/6-31G(d,p) level we find an overall value of ∆H ) 51.9 kcal/mol, which is expected to be accurate to ∼3 kcal/ mol. This is consistent with the semitheoretical/experimental value of 45.8 kcal/mol. Furthermore, the δ∆H between the B3LYP values of pyrene (51.9) and 9-MPh (58.3) may be rationalized in terms of the difference in size of the aromatic moiety: the larger pyrene aromatic unit will increase the stabilization for creating the two radicals as compared to the phenanthrene unit.
The approximate value of ∆H for the reverse radical disproportionation reaction gives a plausible result. However, without a transition state we cannot estimate the prefactor A. Currently we are investigating different methods to reexamine this reaction.
For the propagation reactions, good to excellent agreement was obtained with respect to experimental data. Only the activation energy of the methyl addition reaction 3 is likely to be overestimated by our calculations: 9.4 kcal/mol, whereas experimental data show only 4.1 kcal/mol. On the other hand, its inverse reaction, i.e., the dissociation reaction, is in much better agreement with the experimental data: 23.9 (calculated) with respect to 29.4 (experimentally). 23 For reaction 5, both the recombination and dissociation reactions, the calculated activation energy and the prefactor for reaction also are in harmony with experimental data. 26 For the dissociation reaction at 713 K we have calculated E ) 57.7 kcal/mol (literature 61.4) and log A ) 15.4 (literature 15.0). 27, 28 The calculated rate constant also agrees reasonably well with the experimental data, k(713 K) ) 1.43 × 10 -4 (experimentally) with respect to 5.61 × 10 -3 s -1 (calculated). For the recombination reaction we calculated at 500 K E ) 0.4 kcal/mol and log A ) 7.4 L‚mol -1 ‚s -1 as compared to the experimental values of 0.0 kcal/mol and 9.4 L‚mol -1 ‚s -1 . 29 Due to underestimation of the prefactor, our calculated specific rate constants are also underestimated with respect to the experimental ones, for example, k(500 K) ) 3.01 × 10 9 (experimentally) 29 as compared to 4.02 × 10 7 L‚mol -1 ‚s -1 (calculated).
For the second termination reaction, reaction 6, we have calculated for the dissociation reaction at 1000 K an activation energy of E ) 73.3 kcal/mol and prefactor of log A ) 15.3 s -1 , which corresponds well to the experimental values: E ) 75.1 kcal/mol and log A ) 15.8 s -1 . Furthermore, the specific rate k(1000 K) is calculated to be 1.99 × 10 -1 , as compared to the experimental 2.34 × 10 -1 L‚mol -1 ‚s -1 . 30 For the recombination reaction the activation corresponds well to the experimental value E ) -1.5 and 0.2 kcal/mol, respectively. The prefactor, and consequently the specific rate constant, is again underestimated by our calculations: log A ) 7.7 L‚mol -1 ‚s -1 and k(300 K) ) 6.0 × 10 8 L‚mol -1 ‚s -1 as compared to the experimental values of 10.1 L‚mol -1 ‚s -1 and 8.22 × 10 9 L‚mol -1 ‚s -1 . 31 From these data it can be concluded that dissociation reactions are well described by our calculations as are the activation energies of the bimolecular reactions, suggesting that the uB3LYP functional in combination with the 6-31G(d,p) basis set provides a "solid" level of theory. Yet, for the bimolecular (5 and 6) reactions the specific rate constants are somewhat underestimated. 
Conclusions
In this density functional study we have investigated six representative radical reactions that plausibly play an important role in the cracking process of 9-methylphenanthrene. At the uB3LYP/6-31G(d,p) level we located for the three propagation reactions the transition structures at the potential energy surface at 0 K. The corresponding calculated activation energies are in good agreement with experimental data. The transition states for the two termination reactions could not be determined directly; i.e., for these reactions the phenanthrenic aromatic moiety needed to be reduced to a phenylic group due to large computational times. It was shown that the inclusion of the entropy in combination with high temperatures can significantly change the endo-/exothermicity of the reactions. More importantly, the loose transition states for the forward and reverse (dissociation) reactions were considerably tightened by application of this approach. From the calculations with uB3LYP functional it follows that our model systems present good alternatives for the real 9-MPhe system, and a fine accord with the literature values was obtained for all dissociation reactions that were investigated. The calculated activation energies for the studied bimolecular reactions generally correspond well to their experimental values, yet the prefactors are somewhat underestimated by the method used.
For the initiation reaction the transition state could not be located, neither by inclusion of entropy nor by simplifications of the aromatic moiety. It is even doubtful whether this reaction has (intrinsically) a transition state, and as an approximation, the ∆H was used to approximate the activation energy.
Although the final wave functions obtained for the initiation and termination reactions suffer from spin contamination, the overall B3LYP results are in better agreement with experimental data than those of, e.g., the CASSCF method. It should, however, be noted that this latter type of calculation is in principle the better method for describing homolytic dissociation reactions. Yet, to reach experimental or thermodynamic accuracy, it seems that a larger active space is needed in combination with a larger basis set than the 6-31G(d,p), which make these calculations on substituted 9-MPhe molecules for the moment prohibitive.
Generally, it can be concluded that the chosen level of theory [uB3LYP/6-31G(d,p)] yields results that are in good agreement with experimental values in a reasonable amount of time. However, an improvement of the method is necessary to reproduce more accurately the experimental prefactors for the initiation and recombination reactions.
